The well-organized collagen layers on mica surface have drawn extensive attention for its essential applications and studies on the process of self-assembly as a model system. In this work, collagen extracted from fish scales by acid-base method was used to explore the self-assembly characters, and atomic force microscopy was applied to observe the collagen assembled on mica surface mediated by acetate with four different cations, including K + , Na + , Mg 2+ , and Ca 2+ . It showed that cations might influence the interaction between collagen fibrils and mica surface at high ionic concentration. And a similar network structure was acquired with uniform pore size for four kinds of acetates; nearly ranged collagen fibrils in the same direction were collected in Mg 2+ solutions, while flat films with some fibrils were achieved in K + solutions. The Hofmeister series and Collins' model were adapted to explain the effects of cations and acetate on the self-assembly of collagen. These results and analysis would be helpful for directing the pattern of collagen assembly on a solid surface with a potential application in food science and engineering.
Introduction
At present, collagen is widely added to the productions with high recognition and brilliant effective in cosmetic and functional food. And the collagen scaffolds were used for hemicorneal reconstruction and regeneration. Collagen is a natural protein composed of glycine, alanine, proline, and 16 other kinds of amino acids; its molecular structure is rich in N-H, C=O, and -OH and other coordination groups which can be crosslinked with some metal ions [1] . Using transmission electron microscopy to determine three-dimensional organization and collagen fibril size has been reported. And collagen extracted forms are subjected to enhance their stability by chemical crosslinking. It has been found that collagen peptide fibers can radially self-assemble after being triggered by metals [2] . A new adsorbent can be prepared by loading Zr (IV) and Fe (III) onto collagen fibers [3] . 20-40 nm clusters can be formed between collagen fibrils after being crosslinked with Cr 3+ , but cycle structure of collagen did not change [4] . In this article, the effects of four acetates (KAc, NaAc, MgAc 2 , and CaAc 2 ) were studied on the collagen assembly. Hofmeister series and Collins' model were used to explain the results.
In 1920s, the order of efficiency was followed by some cations as salting-out agents [5] ; the order was expressed as K + > Na + > ⋅ ⋅ ⋅ >Mg 2+ > Ca 2+ after more than eighty years [6, 7] . The numbers of papers involved in Hofmeister series related to various fields especially biomedicine are large and still keep growing every year [8] [9] [10] . Wang et al. demonstrated a sequence (SO 4 2− > Ac − > Cl − ) which has the stabilizing and salting-out effects on proteins and macromolecules [11] . Acetate was selected to investigate the effect of cations on 2 Journal of Food Quality collagen self-assembly in this study. However the results in this experiment was not fully carried out with the law especially Ca
, and the ionspecific interactions in the water [12] [13] [14] [15] need to be explained.
In this study, collagen was extracted from fish scales by acid-base method and purified by dialysis. At the same time, collagen is a natural extract that can form film because of its molecules self-assembly [16] [17] [18] [19] [20] . Furthermore, to make the collagen film more controllable and stable, the metal ions were used to regulate the self-assembly of collagen molecules [21] . It can provide reference for products of cosmetic and food additions.
Materials and Methods

Materials and Chemical Reagents.
Live grass carp (Ctenopharyngodon idellus) was purchased from a supermarket in Yangling City, Shaanxi, China. Grass carp scales were manually removed from the fish and washed with fresh water. The harvested scales were stored in polyethylene bags at 4 ∘ C until experimentation. Potassium acetate, magnesium acetate tetrahydrate, and acetic acid (36%) were purchased from Guangdong Chemical Reagent Engineering-Technological Research and Development Center (Guangdong, China). Calcium acetate monohydrate and sodium acetate trihydrate were purchased from Chengdu Kelong Chemical Reagent Factory (Chengdu, China). All reagents in analytical grade were used as received without further purification. All solutions were prepared with deionized water supplied by the Northwest A&F University. The mica substrate [KAl 2 (AlSi 3 ) O 10 (OH) 2 ] was purchased from Tosai (Hong Kong).
Preparation of ASC from the Scales of Grass
Carp. Acidsoluble collagen (ASC) from the scales was isolated following the reported methods in reference [22] with some modifications. All steps to equip ASC were prosecuted at room temperature (22) (23) (24) ∘ C). In detail, the scales of grass carp were drought in an automatic blast drying oven and then immersed in 20 volumes of 0.5 M Na 2 CO 3 with a magnetic stirring for 3 h, and the operation was repeated three times. After filtrating by cheesecloth, the insoluble components were rinsed with deionized water until a neutral pH was reached. The insoluble components were reimmersed in 0.3 M EDTA for 12 h. After rinsing to neutral pH, the insoluble components were reimmersed in 40 volumes of 0.5 M acetic acid using a magnetic stirring for 24 h and repeated again. Both of the supernatants were collected and merged as the original ASC solution. The NaCl was added to the ASC original solution to a salt concentration of 0.9 M. The collagen precipitation would be salted out for 24 hours and then redissolved completely with 0.5 M acetic acid. Then, the collagen solution was dialyzed with 0.1 M acetic acid and deionized water for 12 h, respectively. The ASC supernatant was lyophilized into solid and then stored at 4 ∘ C for further experiment.
Preparation of Collagen Solution for AFM Imaging.
1% acetic acid at pH 2.8 was used as the solvent to dissolve collagen solutions and diverse acetate solutions. Collagen was dissolved in 1% acetic acid solution to obtain 5.0 mg/mL collagen solution which was further diluted to prepare other collagen solutions in different concentrations. All of solutions were stored at 4 ∘ C for next experiment. Original acetate solutions in 5.0 M were used to dilute metal salts to various concentrations for further use. 10 L collagen solution with different cations was deposited onto the freshly cleaved mica sheets in 1.0 × 0.5 cm 2 , respectively, and was dried in sealed desiccators at room temperature (15) (16) (17) (18) (19) (20) ∘ C). Then, the mica sheets were fixed onto the sample mounting disk in diameter of 12 mm for AFM imaging.
AFM Imaging of Collagen Assembly.
A Multimode-8 AFM (Bruker Co., Santa Barbara, USA) was employed in ScanAsyst mode with ScanAsyst-AIR probes for topology of collagen assembly at 0.977 Hz. Typical height images, roughness, and surface area difference were statistically analyzed using the offline software NanoscopeAnalysis V1.10 (Bruker Co., Santa Barbara, USA). Root mean square roughness (Rq) and average roughness (Ra) were collected to describe the topological change, and the surface area difference was gathered to indicate the degree of surface coverage which was named the difference between the analyzed region's threedimensional surface area and its two-dimensional, projected area.
Results and Discussion
Self-Assembly of Collagen in Different Collagen
Concentration. Typical AFM height images of collagen assembly on mica in different collagen concentrations were shown in Figure 1 . It was shown that the morphology of self-assembled collagen in different concentrations has a significant difference. Section profiles of height images, roughness (Ra, Rq), and surface area difference were shown in Table 1 . At 5 g/mL, the collagen molecules were self-assembled into single fibers on the mica sheet with the width of 16 ± 4 nm and the height of 1.027 ± 0.055 nm, and Ra was 0.142 nm, Rq was 0.188 nm, and surface area difference was 0.311% ( Figure 1(a) ). Then, the length of collagen fibers was gradually increased and interwoven into porous network structure with the width of 27 ± 9 nm, the height of 1.165±0.077 nm, and Ra of 0.233 nm, Rq of 0.317 nm, and surface area difference of 0.313% (Figure 1(b) ). At low concentrations, single fibers were the mainly self-assembled morphology of collagen molecules. Collagen fibers got thicker and crosslinked on the mica sheet with each other at the width of 41 ± 15 nm, the height of 1.462±0.030 nm, Ra of 0.296 nm, Rq of 0.364 nm, and surface area difference of 0.340% at 20 g/mL (Figure 1(c) ). After the concentration of collagen was increased to 50 g/mL, collagen molecules arranged evenly just like rough film on the mica sheet with the width of 42 ± 9 nm, the height of 1.923 ± 0.168 nm, Ra of 0.385 nm, Rq of 0.493 nm, and surface area difference of 0.662% which was much higher than other concentrations (Figure 1(d) ). The porous structure was observed in the range of 2 × 2 m, as shown in Figure 1(d) . There was large difference in height and white particles caused by large local concentration. It was not suitable for observing the details of the self-assembled collagen morphology. So the 20 g/mL collagen solution was selected to study the impact of metal ions.
Effect of KAc on Self-Assembly of Collagen Molecules.
To investigate the effect of cation concentration, 20 uL of 20 ug/mL collagen solutions in five different KAc concentrations (25, 50, 100, 300, and 500 mM) was deposited onto the fresh cleaved mica sheet and used for AFM imaging after drying in the air. Typical AFM height images of collagen fibrils assembled on mica surface at 20 ug/mL collagen in the presence of different concentrations of KAc were shown in Figure 2 . Section profiles of height images, roughness (Ra, Rq), and surface area difference were shown in Table 1 . In the presence of 25 mM KAc, fibril-like collagen mesh was formed on mica surface with the width of 49 ± 7 nm and the height of 1.906 ± 0.104 nm. Ra was 0.489 nm, Rq was 0.572 nm, and surface area difference was 0.412% (Figure 2(a) ). And the mesh pore had less difference in size which on average was 1.906 nm, as shown in Figure 2(a) . Instead of the fibril-like collagen mesh at 25 mM KAc, the root-like collagen fibrils were shown at higher KAc concentrations and changed from straight alignment at 50 mM to regular assembly at 100 mM KAc in detail. The fibers overlap to root-like structure with numerous branches at a diameter of 26 nm and the width was 60 ± 24 nm and the height was 1.413 ± 0.098 nm. Ra was 0.369 nm, Rq was 0.442 nm, and surface area difference was 0.163% at 50 mM KAc (Figure 2(b) ). Then the pluralities of fibers are aggregated in fibrous bundles with a diameter of 38-138 nm and fibers were 1.46-5.31 thicker than at 25 mM KAc (Figure 2(c) ). The width was 95 ± 19 nm, the height was 2.279 ± 0.029 nm, Ra was 0.651 nm, Rq was 0.781 nm, and surface area difference was 0.275% at 100 mM KAc. The numbers of dispersed collagen fibers were significantly increased and the porous network was reconstructed instead of the fiber bundles (Figure 2(d) ). The width was 73 ± 30 nm, the height was 3.349 ± 0.352 nm, Ra was 0.999 nm, Rq was 1.210 nm, and surface area difference was 0.388% at 300 mM KAc. It was shown that the collagen molecules assembled into the fibrous network on the mica sheet at low concentrations, the fibers gathered into bundles with the increase of the concentration, and the salinity had a great influence at high concentrations.
Effect of NaAc on Self-Assembly of Collagen Molecules.
AFM images of collagen assemblies on mica surface in the presence of various concentration of NaAc (50, 100, 200, and 400 mM) were shown in Figure 3 . Section profiles of height images, roughness (Ra, Rq), and surface area difference were shown in Table 1 . In the presence of 50 mM NaAc, it was clearly observed that the collagen fibers were evenly distributed on the mica surface with the width of 24 ± 4 nm and the height of 1.302 ± 0.252 nm, and Ra was 0.264 nm, Rq was 0.349 nm, and surface area difference was 0.633% (Figure 3(a) ). Then the collagen fibers were woven into beautiful pattern of flowers with uniform pores at the width of 27 ± 4 nm, the height of 1.397 ± 0.449 nm, Ra of 0.289 nm, Rq of 0.360 nm, and surface area difference of 0.388% at 100 mM NaAc (Figure 3(b) ). When it came to 200 mM NaAc, the multilayers of fibrils assembled on the basis of dense porous mesh organized on the mica sheet with the width of 46 ± 14 nm and the height of 2.817 ± 0.170 nm, and Ra was 0.591 nm, Rq was 0.743 nm, and surface area difference was 0.625% (Figure 3(c) ). At 400 mM NaAc, smooth, flat, and flaky membrane appeared with fibers (the width was 45 ± 8 nm) attaching at the film thickness of 1.401± 0.084 nm and Ra was 0.378 nm, Rq was 0.471 nm, and surface area difference was 0.179% which was much lower than other concentrations (Figure 3(d) ). Obviously, the collagen molecules assembled into fibers or multilayer fibers on the mica sheet at the low concentrations, and flat membrane at higher concentrations. It demonstrated that the solubility of collagen increased with the NaAc concentration; that is, collagen stability was becoming weaker and completely denatured when the collagen films emerged.
Effect of MgAc 2 on Self-Assembly of Collagen Molecules.
The effect of four MgAc 2 concentrations (50, 100, 300, and 400 mM) on 20 g/mL collagen self-assembly is shown in Figure 4 . Section profiles of height images, roughness (Ra, Rq), and surface area difference were shown in Table 1 . In the presence of 50 mM MgAc 2 , the porous network can be clearly observed on the mica sheet and it had strong directionality making the pores elliptical. The width was 43 ± 10 nm, the height was 2.378 ± 0.078 nm, Ra was 0.544 nm, Rq was 0.188 nm, and surface area difference was 0.501% at 50 mM MgAc 2 (Figure 4(a) ). The collagen molecules were assembled into dense fiber mesh with small uniform pores at the width of 76 ± 14 nm and the height of 2.665 ± 0.058 nm, and Ra was 0.643 nm, Rq was 0.317 nm, and surface area difference was 0.594% at 100 mM MgAc 2 (Figure 4(b) ). When the MgAc 2 concentration increased to 300 mM, single fibers got thicker with consistent directionality at the width of 81 ± 5 nm and the height of 2.435 ± 0.143 nm, and Ra was 0.604 nm, Rq was 0.364 nm, and surface area difference was 0.208% (Figure 4(c) ). The multilayered fibers were distributed on the mica sheet at the width of 59 ± 17 nm and the height of 2.056 ± 0.048 nm, and Ra was 0.441 nm, Rq was 0.493 nm, and surface area difference was 0.634% at 400 mM MgAc 2 (Figure 4(d) ). It indicated that collagen molecules assembled into dense mesh after the MgAc 2 was added, which was similar to the effect of NaAc.
Effect of CaAc 2 on Self-Assembly of Collagen Molecules.
The effect of six CaAc 2 concentrations (100, 200, 300, and 400 mM) on 20 g/mL collagen self-assembly was proved in Figure 5 . Section profiles of height images, roughness (Ra, Rq), and surface area difference were shown in Table 1. In the presence of 100 mM CaAc 2 , collagen microfibers were observed on the mica sheet with the width of 38 ± 4 nm and the height of 0.892 ± 0.021 nm, and Ra was 0.168 nm, Rq was 0.233 nm, and surface area difference was 0.147% at 100 mM CaAc 2 ( Figure 5(a) ). The collagen fibrils changed from disordered arrangement to regular network with uniform pores with the width of 47 ± 8 nm, the height of 1.319 ± 0.058 nm, Ra of 0.453 nm, Rq of 0.536 nm, and surface area difference of 0.238% at 200 mM CaAc 2 ( Figure 5(b) ). When it came to 300 mM, single fibers were organized on the mica sheet with longer length at the width of 56 ± 13 nm and the height of 1.378 ± 0.068 nm, and Ra was 0.346 nm, Rq was 0.516 nm, and surface area difference was 0.375% ( Figure 5(c) ). Then the long fibers were disconnected into short ones with similar length and they gathered into bundles at the width of 58 ± 10 nm and the height of 1.083 ± 0.111 nm, and Ra was 0.222 nm, Rq was 0.311 nm, and surface area difference was 0.205% at 400 mM CaAc 2 ( Figure 5(d) ). It was confirmed that the collagen molecules assembled into the fibrils on the mica sheet at low concentrations ( Figure 5(a) ); then the fibers got longer and intertwined into network at medium concentrations (Figures 5(b)-5(c) ); finally they gathered into bundles and tend to be randomly dispersed at high concentrations ( Figure 5(d) ).
The effects of cations on the self-assembly of collagen molecules were demonstrated in four acetates. With the increase of Na + and Mg 2+ concentration, the morphology of self-assembled collagen molecules changed from singlelayer structure to multilayer network or flat membrane on the mica sheet, which indicated that Na + and Mg
2+
could promote the dissolution of collagen in acidic solution.
Collagen molecules self-assembled into coarse fibers at low and medium concentrations and better aggregation especially at high concentrations. It was shown that K + and Ca 2+ can effectively reduce the solubility of collagen and make the collagen macromolecules more stable in acidic solution.
The order of K + > Na + > Mg 2+ > Ca 2+ was mentioned in Hofmeister series, which was followed on the efficiency of cations as salting-out agents. In this article, however, Collins to electrostatic interaction, numbers of Ca 2+ were adsorbed to the protein, making hydrogen bonds greatly weakened on the polypeptide chains, and finally, the solubility of collagen was decreased.
Conclusions
The studies on the morphology and stability of collagen selfassembly in presence of four metal cations (K + , Na + , Mg 2+ , and Ca 2+ ) by AFM can lead to the following conclusions. The strong effect of K + on collagen self-assembly belongs to kosmotropes in the Hofmeister series, which can increase the stability of collagen. The binding of K + and Ca 2+ with collagen molecules will lead to the decrease of collagen hydrogenbonding and the increase of the protein hydrophobicity; and the combination of both ions and collagen leads to a decrease in hydrophobicity on the collagen molecules. In contrast, the effects of Na + and Mg 2+ on collagen selfassembly were typically chaotropic and will cause collagen assembly homogeneous dense network or flat membrane and the increase of collagen solubility. In this study, Hofmeister series [11] and Collins' model [12] [13] [14] [15] were used to explain the interaction mechanism of collagen and different cations at the molecular level. It provides theoretical guidance and data supports for the biological, medical, food, and cosmetic manufacturing industries. 
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